Enhanced sleep in response to cellular stress is a conserved adaptive behavior across multiple species, but the mechanism of this process is poorly understood. Drosophila melanogaster increases sleep following exposure to septic or aseptic injury, and Caenorhabditis elegans displays sleep-like quiescence following exposure to high temperatures that stress cells. We show here that, similar to C. elegans, Drosophila responds to heat stress with an increase in sleep. In contrast to Drosophila infection-induced sleep, heat-induced sleep is not sensitive to the time-of-day of the heat pulse. Moreover, the sleep response to heat stress does not require Relish, the NFjB transcription factor that is necessary for infection-induced sleep, indicating that sleep is induced by multiple mechanisms from different stress modalities. We identify a sleep-regulating role for a signaling pathway involving FMRFamide neuropeptides and their receptor FR. Animals mutant for either FMRFamide or for the FMRFamide receptor (FR) have a reduced recovery sleep in response to heat stress. FR mutants, in addition, show reduced sleep responses following infection with Serratia marcescens, and succumb to infection at a faster rate than wild-type controls. Together, these findings support the hypothesis that FMRFamide and its receptor promote an adaptive increase in sleep following stress. Because an FMRFamide-like neuropeptide plays a similar role in C. elegans, we propose that FRMFamide neuropeptide signaling is an ancient regulator of recovery sleep which occurs in response to cellular stress.
Introduction
An increase in sleep following an immune challenge is common to many species (reviewed in (Imeri and Opp, 2009) ), including humans (Mullington et al., 2000) and Drosophila (Kuo et al., 2010) . Similar to mammals, the Drosophila acute sleep response to infection is dependent on the time of day of inoculation, and requires an NFjB transcription factor, Relish (Kuo et al., 2010) . A recent study shows that bacterial toxins, as well as other stressors, such as osmotic shock or heat shock, induce sleep-like quiescence in adult Caenorhabditis elegans nematodes (Hill et al., 2014) . Together, these findings indicate that sleep is a conserved response to stressful stimuli. Importantly, the sleep response promotes survival (Hill et al., 2014; Kuo and Williams, 2014a) , indicating that it is adaptive and beneficial to the animal.
Many components of the mammalian innate immune response, particularly pro-inflammatory cytokines, exert sleep-promoting effects likely through actions in hypothalamic nuclei (Obal and Krueger, 2003) . In flies, expression of Relish in the fat body, which is a major site of immune response signaling, is necessary for the sleep promoting effects of aseptic injury and immune challenge (Kuo et al., 2010) and has a role in daily night-time sleep regulation (Williams et al., 2007) . We have recently demonstrated that altering neuronal excitability in the mushroom body to manipulate sleep (Joiner et al., 2006) influences survival outcome during bacterial infections (Kuo and Williams, 2014b) . Thus, communication from peripheral tissue to the brain is likely a key mechanism that underlies the injury/infection-induced sleep response in Drosophila. However, the signaling molecules and neuronal circuitry that underlie these processes are unknown.
In C. elegans, the neurosecretory ALA neuron promotes the sleep-like quiescence in response to cellular stress (Hill et al., 2014) . In response to heat stress, the ALA neuron depolarizes and releases neuropeptides encoded for by the gene flp-13 (Nelson et al., 2014) . FLP-13 peptides are similar to Drosophila Phe-MetArg-Phe-amide (FMRFa) peptides. FMRFa is a member of the FMRFa related peptide family (FaRP), which in addition to FMRFa, http://dx.doi.org/10.1016/j.bbi.2014.12.028 0889-1591/Ó 2015 Elsevier Inc. All rights reserved.
